The depolarization-dependent uptake of calcium was studied in synaptosomes isolated from whole mouse brain and regions of rat brain. In vitro addition of A'-tetrahydrocannabinol (THC) inhibited calcium uptake. The brainstem was most sensitive to this effect-a lo-@ M THC concentration was sufficient to inhibit uptake by synaptosomes from this region. Cannabidiol produced effects similar to those of THC. Cannabinol was inactive. At a concentration of 10m5 M, THC markedly inhibited calcium uptake, enhanced calcium efflux, and decreased the synaptosomal membrane potential. These results suggest that this concentration of THC damages synaptosomal membranes. Since lower concentrations of THC did not affect membrane potential or calcium efflux, they apparently inhibit calcium uptake through a direct action on calcium channels. We suggest that inhibition of synaptosomal calcium uptake may be involved in the anticonvulsant action of cannabinoids.
A"-Tetrahydrocannabinol (THC) produces diverse neurochemical effects. In vitro addition of the drug inhibits brain synaptosomal uptake of norepinephrine, dopamine, serotonin, y-aminobutyric acid, and choline (Banerjee et al., 1975; Johnson et al., 1976; Lindamood and Colasanti, 1980; Hershkowitz et al., 1977) , facilitates the release of norepinephrine and serotonin (Johnson et al., 1976) , and inhibits the activity of ATPases and other membrane-bound brain enzymes (Hershkowitz et al., 1977; Mellors, 1979) . Whether these neurochemical actions are responsible for any of the behavioral or physiological effects of the drug is not clear. Such effects are produced only by high drug concentrations: 1 to 150 PM was used in the studies cited above, whereas plasma concentrations of 0.001 to 0.1 PM are associated with behavioral and physiological effects (Wall and Brine, 1979) . Morphological studies have shown that in vitro exposure to 50 PM THC disrupts synaptosomal membranes (Hershkowitz et al., 1977) and some of the observed effects on synaptosomal function may be due to membrane damage. Nonspecific effects also are suggested by the observation that the nonpsychoactive cannabinoid, cannabidiol, is at least as potent as THC in affecting neurotransmitter uptake, membrane enzymes, and synaptosomal morphology (Hershkowitz et al., 1977; Banerjee et al., 1975; Lindamood and Colasanti, 1980 There are many pharmacological similarities between THC and sedative hypnotics such as alcohols and barbiturates-all produce ataxia, hypothermia, and anticonvulsant effects and fluidize membrane lipids (Karler and Turkanis, 1979; Bach et al., 1976; Lawrence and Gill, 1975; Harris and Schroeder, 1981a, b) . In addition, there is cross-tolerance and cross-dependence among THC, ethanol, and pentobarbital (Newman et al., 1972, 1974; Gildea and Bourn, 1977) . Since inhibition of synaptosomal calcium uptake appears to be an important neurochemical effect of alcohols and barbiturates (Blaustein and Ector, 1975; Ehod and Leslie, 1980; Harris and Hood, 1980; Harris, 1981) , we postulated that cannabinoids also might alter synaptosomal calcium transport. We studied the effects of in vitro addition of cannabinoids on the influx and efflux of 45Ca from nondepolarized and depolarized brain synaptosomes. In addition, we evaluated the effects of THC on synaptosomal integrity by estimating membrane potentials. In these studies, we used the lipophilic cation tetraphenylphosphonium (TPP). The accumulation of TPP by synaptosomes and neuroblastoma cells is proportional to the membrane potential (Lichtschtein et al., 1979 and Hood, 1980) . Preparation of synaptosomes and measurement of calcium accumulation. Ficoll density gradient centrifugation was used to prepare synaptosomes from whole mouse brain and rat brain regions (Harris and Hood, 1980) . Calcium accumulation and efflux by depolarized and nondepolarized synaptosomes were performed as reported previously (Harris and Hood, 1980) . The uptake period was 1 min.
For each concentration of cannabinoid, a control solution containing the appropriate amount of DMSO also was tested. Only the highest concentration (1 pi/ml, corresponding to lop5 M cannabinoid) of DMSO affected calcium transport. This concentration inhibited calcium uptake and enhanced calcium efflux by 10 to 20%.
Measurement of TPP accumulation. Synaptosomal membrane potential was estimated by the accumulation of [ 3H]TPP as described by Lichtschtein et al. (1979) . A 0.4-ml aliquot of synaptosomes (1 to 2 mg of protein/ml) was incubated for 4 min at 3O"C, followed by a 1-min incubation with 1 ~1 of DMSO or THC dissolved in DMSO and a 5-min incubation with 0.1 ml of [3H]TPP (4 pM final concentration; specific activity, 400 Ci/mol) in sodium, 5 pM potassium buffer (Harris and Hood, 1980) . The synaptosomes then were exposed for 5 min to either 0.5 ml of a depolarizing solution (65 mM K+ final concentration) or a nondepolarizing solution (5 mM K' final concentration). Aliquots (300 ~1) of the solution were transferred to two 400~~1 Microfuge tubes and the synaptosomes were pelleted. The supernatant then was aspirated, the tips of the tubes were cut off, and the pellets were digested (0.5 ml of 0.1 N NaOH). Scintillation cocktail was added and radioactivity was determined by liquid scintillation spectrometry.
Other methods. Protein was determined by the method of Lowry et al. (1951) . Drug effects were evaluated statistically by a t test for paired observations.
Results
Effect of cannabinoids on calcium uptake by mouse brain synaptosomes. Several cannabinoids inhibited the depolarization-dependent uptake of calcium by mouse brain synaptosomes (Fig. 1) . At lop6 M, THC and cannabidiol significantly inhibited uptake, whereas a lo-" M concentration of ll-OH-THC was necessary to produce the same effect. These drugs did not alter the depolarized uptake but selectively inhibited the depolarization-dependent accumulation of calcium. Cannabinol did not affect uptake at any of the concentrations tested (Fig. 1) .
Effect of cannabinoids on calcium uptake by synaptosomes from brain regions. Synaptosomes prepared from various regions of rat brain displayed distinct sensitivity to the effects of cannabinoids. The inhibitory effects of THC were much more pronounced with synaptosomes from brainstem or cerebellum than with those from striatum or cortex (Fig. 2) . For example, a THC concentration of only lOwa M inhibited calcium uptake by brainstem synaptosomes. Inhibition of brainstem calcium uptake by THC displayed a shallow dose-response curve (Fig. 2) . This may reflect more than one process; the possibility that the effects of high concentrations of THC are distinct from those of low concentrations is discussed below. Cannabidiol also inhibited brainstem synaptosomal calcium uptake but did not affect uptake in other regions (Table I) . Cannabinol failed to affect calcium uptake in any brain region. Both THC and cannabidiol inhibited depolarization-dependent uptake of calcium without affecting the resting uptake (Table I) of synaptosomal calcium accumulation produced by THC could result from an inhibition of calcium influx or an enhancement of calcium efflux. To distinguish between these possibilities, mouse brain synaptosomes were used to evaluate the effects of THC on calcium efflux. At 10e5 M, THC enhanced calcium efflux (Fig. 3) ; at lOPa M, the drug did not alter efflux (data.not shown). The results shown in Figure 3 were obtained by using a solution in which LiCl was substituted for NaCl. This solution (lithium, 5 PM potassium) minimized the sodium-calcium
(1:
A'-THC,M exchange (Blaustein and Oborn, 1975) . The effects of THC were similar in a sodium-containing solution (data not shown). THC and synaptosomal membrane potentials. The possibility that THC inhibits calcium uptake by altering membrane potentials was studied by observing [ 3H]TPP accumulation in rat brainstem synaptosomes. TPP is a lipophilic cation, and its accumulation is proportional to membrane potential (Lichtschtein et al., 1979) . The accumulation difference between depolarizing and nondepolarizing conditions (AK) reflects the plasma membrane potential, whereas the residual accumulation under depolarizing conditions (+K) reflects primarily the mitochondrial membrane potential (Lichtschtein et al., 1979) . At a concentration of lop7 M, THC did not affect the accumulation of [3H]TPP, but a concentration of 10m5 M markedly reduced accumulation by both depolarized and nondepolarized synaptosomes (Table II) . Similar results were obtained with THC and cannabidiol in synaptosomes prepared from whole mouse brain (data not shown). 
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Discussion
In our study, several cannabinoids inhibited the depolarization-dependent uptake of calcium by synaptosomes from mouse and rat brain. A regional analysis indicated that brainstem was most sensitive to the effects of THC and cannabidiol, which, at concentrations of 1O-7 to lo-* M, inhibited calcium transport by brainstem synaptosomes. A low7 M concentration of THC also inhibited cerebellar synaptosomes but had no effect on striatal and cortical nerve endings. This concentration is similar to human plasma levels of THC after smoking marihuana (Wall and Brine, 1979) . Synaptosomal calcium transport appears to be one of the few processes affected by nontoxic concentrations of THC.
In contrast to the inhibitory effects of THC, cannabinol did not alter calcium uptake by synaptosomes from either whole mouse brain or rat brain regions. THC and cannabidiol were equipotent in decreasing calcium uptake by mouse brain synaptosomes, but THC was more potent than cannabidiol in inhibiting uptake by brainstem and cerebellar synaptosomes. Other studies have shown that cannabidiol and cannabinol, in contrast to THC, produce few behavioral, physiological, or subjective effects (Mechoulam et al., 1970; Jarbe and Henriksson, 1974; Perez-Reyes et al., 1973; Hollister, 1973; Lemberger, 1980) . Cannabidiol, however, is an effective anticonvulsant drug, whereas the anticonvulsant activity of cannabinol is weak (Karler and Turkanis, 1979, 1980) . There are several similarities between the anticonvulsant action of cannabinoids and their effects on synaptosomal calcium uptake. For example, THC and cannabinol are equipotent anticonvulsants in mice, but THC is more potent in rats and is not effective against cortical (focal) seizures (Karler and Turkanis, 1979) . Other anticonvulsants (e.g., phenytoin, phenobarbital, pentobarbital, and ethanol) also inhibit the depolarization-dependent uptake of calcium by brain synaptosomes (Sohn and Ferrendelli, 1976; Harris and Hood, 1980) . The regional specificity of the inhibitory action of two of these drugs (ethanol and pentobarbital) is similar to that of THC, with brainstem and cerebellum being much more strongly affected than cortex or striatum (Elrod and Leslie, 1980; Harris, 1981) . Taken together, these results suggest that inhibition of calcium uptake by nerve endings from caudal brain areas is a common feature of anticonvulsant drugs. This action of THC and cannabidiol probably is related to their anticonvulsant effects.
At a concentration of 10e6 M, THC did not alter the efflux of calcium from synaptosomes; therefore, at this concentration, the drug appears to reduce calcium influx through the voltage-dependent calcium channel rather than by enhancing efflux. Higher concentrations of the drug yielded markedly different results-at lop5 M THC, calcium efflux was enhanced and TPP accumulation was reduced markedly in both depolarized and nondepolarized synaptosomes. The decrease in depolarization-dependent (AK) accumulation of TPP indicates a large decrease in the potential across the plasma membrane (&) (Lichtschtein et al., 1979) . It is very likely that lo-" M THC damages the plasma and mitochondrial membranes, whereupon they become permeable to ions. Other investigators (Hershkowitz et al., 1977) have presented morphological evidence that 3 X 10e5 M THC damages synaptosomes; therefore, it is important to note that, in our study, 10e7 to lo-' M concentrations of THC were sufficient to inhibit calcium uptake by brainstem synaptosomes, an action unlikely to have been caused by membrane damage. In contrast, lo-" to low4 M THC is necessary to inhibit synaptosomal uptake and stimulation of neurotransmitter release (Banerjee et al., 1975; Johnson et al., 1976) .
When studying the in vitro effects of cannabinoids on neurochemical processes, it seems important to use concentrations that do not produce membrane destruction. Our results demonstrated that nontoxic concentrations of THC and cannabidiol altered synaptosomal calcium transport, which would indicate that this effect may have a bearing on the anticonvulsant action of these drugs.
